N-Acetylglucosamine kinase (GlcNAc kinase or NAGK; EC 2.7.1.59) catalyzes the phosphorylation of GlcNAc to GlcNAc-6-phosphate (GlcNAc-6-P). Despite detailed characterization of the enzyme itself, there have been few studies on the expression of NAGK in mammalian tissues. In the rat hippocampal neuron in culture, NAGK-immunoreactivity (IR) formed clusters in somatodendritic domains. In this study we characterized the NAGK clusters that protrude out the long axis of dendritic shafts. By double-labeling of the neurons with antibodies against NAGK and various synaptic proteins, we show that NAGK is positioned at the base of spines, while there were no NAGK protrusions into inhibitory postsynaptic sites. Immunoblot analysis showed that NAGK was included in synaptosomes but not in PSD fractions. Our results indicate that the NAGK clusters at the dendritic periphery protrude into spines.
Introduction
N-Acetylglucosamine kinase (GlcNAc kinase or NAGK; EC 2.7.1.59) catalyzes the phosphorylation of GlcNAc to GlcNAc-6-phosphate (GlcNAc-6-P), which can enter a catabolic pathway, or it can enter an anabolic pathway leading to the formation of uridine diphosphate (UDP)-GlcNAc [7] . The rat and human NAGK in solution form homodimers of 37-and 39-kDa subunits, respectively (Hinderlich et al., 1998) . NAGK belongs to N-acetylhexosamine kinases, members of the sugar kinase/heat shock protein 70/actin superfamily [1, 6] . Crystal structures of homodimeric human NAGK in complex with GlcNAc or with ADP and glucose revealed that the active site of NAGK is located in a deep cleft between the small and large domains of the V-shaped monomer [14] . The enzyme adopts a 'closed' configuration in the GlcNAc-bound complex by rotating the small domain 12 to 26 o against the large domains from an 'open' configuration in the ADP/glucose-bound structure. Despite detailed characterization of the enzyme itself,
there have been few studies on the expression of NAGK in mammalian tissues. NAGK mRNA and protein are ubiquitously expressed throughout various cell lines and tissues [6] . Our laboratory has been studying the expression of NAGK in nerve tissues. Immunohistochemistry (IHC) of rat brain sections showed that NAGK is highly expressed in neurons, while immunocytochemistry (IC) of dissociated cultures of rat hippocampal neurons showed that the strongest NAGK-immunoreactivity (IR) was associated with neuronal dendrites and negligible in axons (submitted). In dendrites of hippocampal neurons in culture, the NAGK-IR formed clusters along microtubule fibers. Interestingly, the NAGK clusters at the borders of dendrites protruded out of the microtubule shafts. In this study we characterized these NAGK protrusions in relation to spines. By double-labelling the hippocampal neurons with antibodies against NAGK and various spine markers, we show evidence that these protrusions correspond to the base of spines.
Materials and Methods

Antibodies
The following antibodies were used at the indicated dilu- Laser-scanning confocal microscopy.
Confocal images (1,024×1,024 pixels) were acquired using a Leica TCS SP2 confocal system with laser lines at 488, 543, and 633 nm. Digital images were processed with the use of Adobe Systems Photoshop 5.0 software.
Results and Discussion
The NAGK clusters at the border of dendritic shafts often protrude out Cultured hippocampal neurons were double-labelled with antibodies against NAGK and αTubulin (Fig. 1) . The NAGK-immunoreactivity (IR) was distributed throughout the cells with higher intensity in the dendrites (arrow) than in soma (asterisk). Apparently, NAGK-IR did not form a fiber even in the dendritic domains where it is denser than in soma. Instead, it made clusters (Fig. 1A, NAGK and inset) . This feature was in contrast to that of tubulin-IR, which formed distinct fibers (Fig. 1A, tubulin and inset) . The distribution of NAGK was very similar to that of tubulin. However, the merge image revealed differential localizations of the two IR's (Fig. 1B) . In particular, many NAGK-IR clusters protrude out of the long axis at the periphery (Fig. 1B,   Fig. 1 . The NAGK clusters at the border of dendritic shafts often protrude out. Cultured hippocampal neurons (21DIV) were double-labelled with antibodies against NAGK and αTubulin, and confocal images were acquired using a 40X objective. A, A dendrite and a soma were marked with an arrow asterisk, respectively. The boxed area was shown enlarged in each insets. Scale bar, 30 μm. B, merge. Two images for the insets in A were merged, and some the NAGK protrusions were marked by arrowheads. The boxed area was further enlarged in inset. Note that NAGK clusters at the dendritic border protrude out of the shaft.
arrowheads and inset).
NAGK protrusions at the dendritic border are positioned at the base of spines To characterize the NAGK protrusion at the periphery of the dendritic shafts, we double-labelled cultured hippocampal neurons with antibodies against NAGK and various synaptic markers. Actin is concentrated underneath cell membrane. Therefore, the distribution of actin would reveal the contour of a cell. To get insights on the position of NAGK protrusions in relation to dendritic contour, we double-labelled neurons with antibodies against NAGK and actin. As expected, confocal microscopic images of actin-IR revealed the contour of neurons. In addition, large actin-IR clusters appeared along the periphery of the dendritic shafts ( Fig. 2A, actin) . In neurons, F-actin is particularly enriched in dendritic spines [4, 11] . In immunoelectron microscopic studies, bundles of F-actins are observed in the necks of dendritic spines, and lattices (network) of F-actins in the spine head [10] . Therefore, these large actin-IR clusters are thought to be spines. Interestingly, the actin clusters accompany NAGK protrusions at the border of dendritic shafts (Fig. 2B,  arrowheads) . It can be observed that NAGK-IR protrude into actin clusters (Fig. 2B , arrowheads and inset). Since actin is highly enriched in spine head and necks, these results suggest that NAGK clusters at the border of dendritic shaft are positioned near spines.
NAGK protrusions at the dendritic border are positioned at the base of excitatory synapses It is known that spine synapses are excitatory. To find the position of NAGK relative to excitatory synapses, we double-labelled neurons with antibodies against NAGK and N-methyl-D-aspartate receptor subunit 2B (NR2B), an excitatory postsynaptic marker [3, 8, 9, 12] . NR2B clusters formed robust protrudions out of dendritic shafts (Fig. 3A , NR2B, arrows and inset). In contrast, NAGK protrusions were less robust and mostly confined within the shafts (Fig.  3A , NAGK, arrows and inset). The merge image showed that the NAGK-IR protrusions closely abut against those of NR2B which farther protrude out (Fig. 3B, insets) . Since NR2B is enriched at the postsynaptic membrane, i.e., spine head, this feature can be interpreted that NAGK is located at the base or neck of spines.
To investigate the position of NAGK relative to inhibitory synapse, neurons were double-labelled with antibodies against NAGK and gephyrin, an inhibitory postysynaptic marker. The gephyrin-IR clusters were mostly formed at the periphery of dendritic shafts (Fig. 4A, geph) . The merge image revealed that NAGK-and gephyrin-IR clusters did not overlap or abut each other (Fig. 4B) . Furthermore, there were no NAGK protrusions where gephyrin clusters were formed (Fig. 4B, inset) . Together, these results indicate that NAGK clusters protrude into excitatory synapses only.
NAGK is included in the synaptosome but not in the postsynaptic density fraction If a protein is located at the base of spines, it is expected to be included in the synaptosome fraction. Immunoblots of rat brain forebrain synaptosome (S), postsynaptic density (PSD), total homogenates (H) showed that NAGK is present in BH and S fractions (Fig. 5A ), but was absent from the PSD fraction. NAGK was not enriched in the synaptosome fraction, while PSD proteins such as NR2A, NR2B and PSD-95 [3, 8, 9] were highly enriched in both synaptosome and PSD fraction (Fig. 5B) . These results supports that NAGK is not localized at the base of excitatory synapses. 
